Homology explains the functional similarities of Treslin/Ticrr and Sld3
Luis Sanchez-Pulido 1 , John F.X. Diffley 2, *, and Chris P. Ponting 1, * DNA replication in eukaryotic cells is tightly regulated to ensure that each origin fires just once. Activation of the replicative DNA helicase (Mcm2-7) during S phase requires the recruitment of Cdc45 and GINS into a CMG complex [1] . In yeast, this step proceeds via the formation of a transient intermediate, the pre-initiation complex. The pre-initiation complex contains, in addition to the CMG components, three additional factors, Sld2, Sld3 and Dpb11, all of which are essential for initiating replication. In budding yeast, Sld2 and Sld3 are the only two proteins that need to be phosphorylated by cyclin-dependent kinases to activate DNA replication [2, 3] . To date, orthologues of each of these critical proteins have been identified in diverse eukaryotes from yeast to humans, with the notable exception of Sld3. Two recent papers [4, 5] reported a novel metazoan protein, Treslin/Ticrr, which is required for DNA replication. In common with Sld3, Treslin/Ticrr is essential for CMG assembly and interacts with the first two BRCT repeats of the human Dpb11 ortholog, TopBP1. However, significant sequence similarity was not detected between Treslin/Ticrr and Sld3, leaving fungal Sld3 without a discernible ortholog in metazoans.
We first sought, but failed to identify, distantly related Sld3 homologs outside of fungi using exhaustive database searches (see E-values enclosed in grey boxes in Figure 1B) . However, when protein sequence databases were interrogated using the sequence comparison method HMMer2 [6] with E = 5.6 x 10 -3 ( Figure 1A-C) . These animal and plant Treslin family members also share an additional amino-terminal region of conservation ( Figure 1D ). Our database searches revealed further Treslin orthologs in Platyhelminthes (Schistosoma mansoni and S. japonica) and Amoebozoans (Dictyostelium discoideum and D. purpureum) which were not reported in the two recent Treslin/Ticrr publications [4, 5] . Our searches, however, failed to identify an ortholog in the fruit fly Drosophila melanogaster. Next, we found marginally significant similarity (E = 0.75, Figure 1B ) between these animal and plant sequences and an Aspergillus oryzae protein, which is a known member of the fungal Sld3 family (UniProt:Q2U2Q6_ASPOR). For this we searched a profile generated from an alignment of animal and plant Treslin/Ticrr against non-redundant protein sequence databases. In a final step, we used HHpred [7] (a method for remote protein homology detection that compares pairs of profile-hidden Markov models) to compare the profile of the Sld3 fungal protein family to that of animal and plant Treslin. Sequence similarity between these two protein profiles was statistically highly significant (E = 8.6 x 10 -15 , Figure 1B ). This level of significance indicates that these proteins are homologous: they descended from a Sld3/Treslin protein common ancestor prior to the divergence of the main eukaryotic lineages.
A number of temperature-sensitive sld3 mutants that are defective in DNA replication have previously been generated and characterised in both budding [8] and fission [9] yeasts. Four of the budding yeast mutants, sld3-4, sld3-5, sld3-7 and sld3-8, contain point mutations that lie within the region of homology to Treslin/Ticrr described here. Notably, sld3-4 contains a mutation of the highly conserved basic residue (arginine) at position 269 to cysteine ( Figure 1C) . As sld3-4 and sld3-5 each contain additional point mutations, we cannot definitively ascribe the replication defect in these mutants to mutations within the region of homology. The sld3-7 mutant, however, contains only a single point mutation at position 176 that changes a conserved hydrophobic residue (leucine) to proline (see Figure S1 in Supplemental Information, published with this article online) and sld3-8 changes the highly conserved proline at position 407 (with a likely structural role in amino-terminal alpha-helix capping) to leucine ( Figure 1C) . The sld3-10 allele from fission yeast also contains a single point mutation changing a highly conserved glutamate residue at position 338 to glycine ( Figure 1C) . Domains homologous between Treslin/Ticrr and yeast Sld3 are thus likely to be of functional importance.
The role of this region of homology remains to be determined. However, we note that the protein encoded by the sld3-5 allele (see Supplemental Information) [8] does not interact with Cdc45 in a two-hybrid assay, suggesting that the homologous region interacts directly with Cdc45. Although Sld3 also interacts with GINS and with Dpb11, domains involved in these interactions have not been determined [10] or lie outside of this region of homology [2, 3] , respectively.
Our results serve to further highlight how function may be preserved between diverse eukaryotic lineages even when homologs' sequences are substantially diverged. They further demonstrate how state-of-the-art sequence analytical tools can reveal common ancestry even among very sequence-dissimilar orthologs.
Orthologs of human Treslin/Ticrr were previously restricted to other metazoa, indicating functional similarities to fungal Sld3 arose via convergent evolution, rather than via vertical descent [4, 5] . Our finding that Sld3 is conserved across eukaryotic kingdoms will now bring together previously disparate lines of investigation in yeast and in mammals. Furthermore, our identification of conserved sites, including those altered in sld3 mutants, across eukaryotic organisms should help to throw light on the function of this critical protein in DNA replication and cell cycle control.
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